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Anotace 
Práce se zabývá fyzikálními vlastnostmi pyroelektrických senzorů a jejich praktickým 
využitím. Součástí práce je návrh a realizace měřící aparatury, jež bude využita k měření 
fyzikálních vlastností senzorů. Pro měření signálů pyroelektrického senzoru byl navržen a 
zkonstruován nízkošumový zesilovač, který je v této práci prezentován. Součástí práce je 
také návrh a realizace algoritmu pro lokalizaci infračerveného zdroje záření (plamene) v 
prostoru, na základě vyhodnoceného analogového signálu. 
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Abstract 
 
The thesis analyzes the physical properties of the pyroelectric sensors and its practical use. 
Essential part of the work is the design and realization of the measuring set-up, which is used 
for the measurements of the sensors physical properties. With this workbench, main 
parameters of the pyroelectric sensors have been obtained. The second part of the work 
deals with a low noise preamplifier designing. This device was designed for the pyroelectric 
sensor signal measurements. The amplifier is designed to be used for a low noise, wide band 
measuring. During the process of amplifier designing, all the noise components have been 
investigated separately, using operational amplifiers models. The objective of the last part of 
this work is to develop the system, which would be able to localize an infrared (IR) emitting 
source located somewhere in the space between the installed pyroelectric sensors. For this 
purpose, classical localization methods could be used as well as the artificial neural networks 
(ANN), which are becoming still more popular these days. The system is able to detect the 
exact placement of the IR radiation source. 
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Used Acronyms 
 
 
Used acronyms in the text and their explanations: 
 
 
 ANN   artificial neural network 
 BB   black-body 
 CsNO3    cesium nitrate 
 DA   detection area 
 DC   direct current 
 EMC   electromagnetic compatibility 
 EN   European norm 
 FET   field effect transistor 
 FF   feed-forward (network)    
 GaN    gallium nitride 
 IR   Infra-red 
 LiTa O3   lithium tantalate 
 LTA    lithium tantalate 
 MOC   method of circles 
 OpAmp  operation amplifier 
 PCB   printed circuit board 
 PIR   passive infra-red 
 RMS   root mean square   
 SAW   surface acoustic wave 
 SELV   safety extra low voltage 
 SIMD   single instruction, multiple data 
 SMD   surface mounted device 
 S/N   signal/noise 
 UV   ultra-violet 
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Introduction 
 
Master Thesis called “Pyroelectric Signal Measurement and Processing” summarizes and 
extends the new thematic block which has been outlined in foregoing semestral thesis called 
“The Characterization of Pyroelectric Sensors or the Flame Detection”. It is necessary to 
underline, that this subject covers many disciplines, i.e. the Condensed Matter Physics through 
the Analogue Technique, the Digital Signal Processing, which makes the topic interesting (not 
only) for an Electrical Engineer. 
 
The thesis has been developed under the professional supervision from the Tyco Safety 
Products Company (a division of Tyco Fire & Security), who is a worldwide leader in fire 
protection and electronic security solutions and under the Department of Physics on the Faculty 
of Electrical Engineering and Communications, whose scientific specialization is closely 
connected to the research of the piezoelectric and pyroelectric materials. 
 
The work is divided in to the three main parts, according to the corresponding branch of 
science. The first part deals with physical properties of the pyroelectric materials and infrared 
radiation. In this part, theoretical introduction have been made in order to outline the whole 
object from the physical point of view, which is necessary in order to understand following 
chapters.   
 
The second part covers the arrangement for measurements, which consists mainly of analogue 
electric devices. In this part a theoretical design approach of measuring preamplifier was 
realized and tested.  The amplifier and its designing is essential part of this part. 
 
The third part focuses on practical purpose of this matter that is connected to the signal 
processing and data evaluating. In this part, a practical realization along with the fire 
localization has been presented. All the simulations and calculi were made with the Matlab 
R2006a, the tool for the scientific calculations and in the NeuroSolutions5, the tool for neural 
network simulations. The PCB was made using Eagle 4.19 Student edition. 
 
The thesis should serve as the basic source for the flame detection subject matter with respect 
to the latest technologies and progress in science, which happened in a close past. 
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1. Pyroelectricity 
 
Pyroelectricity is an electrical potential that is generated in certain materials when they are 
heated. When the temperature is increased, a voltage develops having the same orientation as 
the polarization voltage. When the temperature is decreased, a voltage develops having an 
orientation opposite to the polarization voltage, creating a depolarizing field with the potential 
to degrade the state of polarization of the part. 
 
Pyroelectricity can be figured as one side of a triangle, where each corner represents energy 
states in the crystal. One corner represents kinetic energy, second electrical and third thermal 
energy. The side between electrical and thermal corners represents the pyroelectric effect and 
produces no kinetic energy. The side between kinetic and electrical corners represents the 
piezoelectric effect and produces no heat. 
 
Although artificial pyroelectric materials have been engineered, the effect was first discovered 
on minerals such as quartz and tourmaline and other ionic crystals. The pyroelectric effect is 
also present in both bone and tendon. The name comes from the Greek words “pyr” (πυρ), that 
means fire, and from the word “electron” (ηλεκτρον) that means amber, to refer to the 
property of attracting small objects after being rubbed. This soon gave rise to the English words 
“electric” and “electricity”. 
 
A very first reference to the pyroelectric effect can be found in the manuscripts of the 
Theophrastus in 314 BC, who noted that tourmaline becomes charged when heated. Sir David 
Brewster gave the effect the name it has today in 1824. Both William Thomson in 1878 and 
Voight in 1897 helped develop a theory for the processes behind pyroelectricity.  
 
All pyroelectric materials are also piezoelectric, because these two properties are very closely 
related. The first demonstration of the direct piezoelectric effect was presented in 1880 by the 
brothers Pierre and Jacques Curie. They combined their knowledge of pyroelectricity with their 
understanding of the underlying crystal structures that gave rise to pyroelectricity to predict 
crystal behavior, and demonstrated the effect using crystals of tourmaline, quartz, topaz, cane 
sugar, and Rochelle salt (sodium potassium tartrate tetrahydrate). Quartz and Rochelle salt 
exhibited the most piezoelectricity. 
 
In minerals, pyroelectric charge develops on the opposite faces of asymmetric crystals. The 
direction in which the propagation of the charge tends toward is usually constant throughout a 
pyroelectric material, but in some materials this direction can be changed by a nearby electric 
field. These materials are said to exhibit ferroelectricity.  
 
Pyroelectric charge is produced by the very small changes in temperature. When their 
temperature is increased, a voltage develops having the same orientation as the polarization 
voltage. When their temperature is decreased, a voltage develops having an orientation 
opposite to the polarization voltage, creating a depolarizing field with the potential to degrade 
the state of polarization of the part. The maximum electric field which arises due to a 
temperature drift is:  
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where: 
 
E = induced electric field [volts m-1]  
α = pyroelectric coefficient [C K-1 m2]  
ΔT = temperature difference [K]  
K3 = dielectric constant  
ε0 = permittivity of free space [Fm
-1]  
 
On the present, progress has been made in creating artificial pyroelectric materials, usually in 
the form of a thin film, out of gallium nitride (GaN), cesium nitrate (CsNO3), polyvinyl fluorides, 
derivatives of phenylpyrazine, and cobalt phthalocyanine. (See pyroelectric crystals.) Lithium 
tantalate (LiTaO3) is a crystal exhibiting both piezoelectric and pyroelectric properties which has 
been used to create small-scale nuclear fusion. 
 
1.1 Pyroelectric Crystal 
 
There are 32 classes of the crystal structures, or point groups, according to the number of 
rotational axes and reflection planes they exhibit that leave the crystal structure unchanged. 
Twenty of the 32 crystal classes are piezoelectric.  
 
Definitely, all of the 20 piezoelectric classes lack a center of symmetry. Any material develops a 
dielectric polarization when an electric field is applied, but a substance which has such a natural 
charge separation even in the absence of a field is called a polar material. Whether or not a 
material is polar could be determined solely by its crystal structure. Only 10 of the 32 point 
groups are really polar. 
 
 
Fig. 1.:  Molecular structure of the Lithium Tantalate Crystal (LTA) 
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Polar materials do not display a net dipole moment, under normal circumstances. As a 
consequence there are no electric dipole equivalents of bar magnets because the intrinsic 
dipole moment is neutralized by "free" electric charge that builds up on the surface by internal 
conduction or from the ambient atmosphere.  
 
Polar crystals just reveal their nature when perturbed in some fashion that momentarily upsets 
the balance with the compensating surface charge. Spontaneous polarization is temperature 
dependent, so a good perturbation probe is a change in temperature which induces a flow of 
charge to and from the surfaces. This is the pyroelectric effect. All polar crystals are 
pyroelectric, so the 10 polar crystal classes are sometimes referred to as the pyroelectric 
classes.  
 
The property of pyroelectricity is the measured change in net polarization (a vector) 
proportional to a change in temperature. The total pyroelectric coefficient measured at 
constant stress is the sum of the pyroelectric coefficients at constant strain (primary 
pyroelectric effect) and the piezoelectric contribution from thermal expansion (secondary 
pyroelectric effect). Pyroelectric materials can be used as infrared and millimeter wavelength 
detectors 
 
1.2 Lithium Tantalate 
 
Lithium Tantalate belongs to class of ferroelectric crystals which possess intrinsic spontaneous 
electric polarization. Usually crystal volume is divided into many microscopic domains with 
randomly oriented polarizations. However it is possible to align all domains in one direction 
parallel to so called polar axis by applying high external electric field near the Curie 
temperature. After such poling procedure crystal will stay in single domain state with uniform 
polarization direction if operation temperature does not exceed Curie temperature.  
 
 
Fig. 2.:  Transmission spectrum of lithium tantalate [2] 
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Pyroelectric effect is a change of polarization with temperature resulting in a polarization 
current within a crystal. In practice, the effect can be measured if potential is applied to crystal 
surfaces normal to polar axis and connected through an external circuit. So the pyroelectric 
substrate (thin plate of pyroelectric material with proper electrodes) is a heart of pyroelectric 
detectors featuring very broad operation wavelength with extremely fast response time.[1] 
 
Lithium Tantalate, LiTaO3 exhibits the unique electro-optical, pyroelectric and piezoelectric 
properties combined with good mechanical stability, wide transparency range and high optical 
damage threshold. Pyroelectric sensors made from lithium tantalate (sometimes referred as 
LTA sensors) generate electric charges with only very small temperature changes and moreover 
they are stable, uniform and durable. 
 
From the fig. 2, we can see that the transmission range comes from circa 270 to 5500nm, which 
makes LiTaO3 well-suited for numerous applications, including electro-optical modulators, 
pyroelectric detectors, optical waveguide and SAW (Surface acoustic wave) substrates, 
piezoelectric transducers etc. 
1.3 Infrared Radiation 
 
All objects with a surface temperature above absolute zero (-273 °C) emit thermal radiation. 
This is also known as long wave radiation, thermal or infrared radiation. The warmer an object 
is—the greater amount of energy emitted. In fact, a very hot object emits not only infrared 
radiation, but also visible radiation known as short wave radiation or light. 
 
The IR radiation exists in the electromagnetic spectrum at a wavelength which is longer than 
visible light. It cannot be seen but it can be detected. Objects that generate heat also generate 
infrared radiation and those objects include animals and the human body whose radiation is 
strongest at a wavelength of 9.4μm. Infrared in this range will not pass through many types of 
material that pass visible light such as ordinary window glass and plastic.  
 
However it will pass through, with some attenuation, material that is opaque to visible light 
such as germanium and silicon. An unprocessed silicon wafer makes a good IR window in a 
weatherproof enclosure for outdoor use. It also provides additional filtering for light in the 
visible range. 
 
Scientists divide the IR spectrum into three regions. The wavelengths are specified in microns or 
in nanometers. The near IR band contains energy in the range of wavelengths closest to the 
visible, from approximately 0.750 to 1.300 µ (750 to 1300 nm). The intermediate IR band (also 
 
 
Fig. 3.:  Electromagnetic spectrum [3] 
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called the middle IR band) consists of energy in the range 1.300 to 3.000 µ (1300 to 3000 nm). 
The far IR band extends from 2.000 to 14.000 µ (3000 nm to 1.4000 x 104 nm). 
Infrared is used in a variety of wireless communications, monitoring, and control applications. A 
few of the applications include home-entertainment remote-control boxes, wireless local area 
networks, links between notebook computers and desktop computers, cordless modems, 
intrusion detectors, motion detectors, and mainly the fire sensors. The sun is the major natural 
IR radiation sources. The infrared share of the solar radiation reaching the ground is just below 
50 %. Practical application of infrared radiation mainly occurs in contactless transformation of 
heat, e. g. in the drying and processing of materials or in the medical field and in spa 
installations.  
 
There are several advantages to detecting and studying infrared radiation. Infrared is basically 
heat radiation. Infrared radiation carries information about the temperature distribution of the 
objects studied. Infrared can also penetrate thick smoke, clouds and dust. This makes infrared 
cameras very useful in search and rescue and firefighting.  
1.4 Pyroeletric Devices 
 
The pyroelectric sensor is made of a crystalline material which generates a surface electric 
charge when exposed to heat in the form of infrared radiation. When the amount of radiation 
striking the crystal changes, the amount of charge also changes and can then be measured with 
a sensitive FET device built into the sensor.  
 
These detectors are commonly available in single-, dual-, or quad-element versions. 
Pyroelectric detector arrays can also be obtained, but these are generally used for imaging 
applications. A single-element detector responds to any temperature changes in the 
environment and therefore must be thermally compensated to remove sensitivity to ambient 
temperature.  
 
Fig. 4.:  Principle set-up of a pyroelectric infrared detector [15] 
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Dual-element detectors have the inherent advantage that the output voltage is the difference 
between the voltages obtained from each of the elements of the detector, which subtracts out 
environmental effects. 
 
The pyroelectric detector converts incident thermal radiation into an electrical signal. This 
conversion takes place in three steps—the incident thermal radiation results in a change in 
temperature, altering the charge density on the electrodes. An electrical signal is generated by 
a preamplifier or impedance converter. The current generated by incident radiation is 
proportional to the change in temperature as well as the area of the detector elements. If iP 
represents the current flowing through the device on which an incident thermal radiation 
causes a temperature change 
 
The sensor elements are sensitive to radiation over a wide range (as can be seen on Fig. 2 so a 
filter window is added to the TO-5 package to limit incoming radiation to the range which is 
most sensitive to the corresponding sort of IR radiation. Between PIR sensor and the IR 
radiation source, the various kinds of optics can be used. Very often you can see a Fresnel lens, 
that are a plane convex lens that has been collapsed on itself to form a flat lens that retains its 
optical characteristics but is much smaller in thickness and therefore has less absorption losses.  
Fresnel lens were originally developed for lighthouses, by the French physicist Augustin-Jean 
Fresnel. Its design enables the construction of lenses of large aperture and short focal length 
without the weight and volume of material which would be required in conventional lens 
design. Compared to earlier lenses, the Fresnel lens is much thinner, thus passing more light 
and allowing lighthouses to be visible over much longer distances. 
Typically, the FET source terminal pin 2 connects through a pulldown resistor of about 10 KΩ to 
ground and feeds into a two stage amplifier having signal conditioning circuits. The amplifier is 
typically bandwidth limited to below 10 Hz to reject high frequency noise and is followed by a 
window comparator that responds to both the positive and negative transitions of the sensor 
output signal. A well filtered power source of from 3 to 10 volts should be connected to the FET 
drain terminal pin 1. Sometimes, there can be integrated operation amplifier instead of single 
FET transistor. 
 
 
Fig. 5.:  Pyrosensor with two sensing elements [3] 
 
Pyroelectric Signal Measurement and Processing__________________________________________ ___________ 
 9 
The pyrosensor has two sensing elements connected in a voltage bucking configuration. This 
arrangement cancels signals caused by vibration, temperature changes and sunlight. A body 
passing in front of the sensor will activate first one and then the other element whereas other 
sources will affect both elements simultaneously and be cancelled.  
 
The radiation source must pass across the sensor in a horizontal direction when sensor pins 1 
and 2 are on a horizontal plane so that the elements are sequentially exposed to the IR source. 
A focusing device is usually used in front of the sensor 
1.5 Theory of Operation  
 
Let’s consider the human body from the previous example (Fig. 5). Human bodies are 
considered to be so called “Planckian black-bodies” (in fact, they act more as the “grey-bodies”) 
and emit a distribution of wavelengths with the wavelength of maximum energy slightly longer 
than 9 micrometers. Then also the detector’s sensitivity has to be limited by the detector 
window at the wavelength of about 8-14 micrometers.  
 
Human’s skin temperature is about (37 °C) that makes its emissivity max 0.98 times less than 
the emissivity of a perfect black-body. Also, the infrared radiation from a person is independent 
of race but can be affected by the inhibited blood circulation often caused by smoking. The 
wavelength of maximum energy, but the influence on human detection can be expected in the 
reduction of radiation in the wavelength range 8-14 micrometers, while the lights of vehicles 
can reject the human detection fully. 
 
Fig. 6.:  Typical hydrocarbon fire emission spectrum [6] 
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The window will allow for detection of a candle because, although there is a lot of energy 
emitted at the CO
2 
wavelength of 4.3 micrometers (masked by the window). There is also a 
plenty of energy emitted in the 8-14 micrometer region because the candle burning reaction is 
not stoichiometric. The soot is unburned carbon and agglomerates of carbon glowing in the 
flame which are mini black-bodies” giving the flame its typical color character. A clean Bunsen-
burner flame on the other hand might be almost invisible to the detector through its masking 
window.  
 
The active element in a pyroelectric detector is made of a substrate of lithium tantalate crystal, 
ceramic, or polymer film as mentioned before. In all cases, a slice of the substrate is covered 
with an electrode on both sides. The upper electrode (faced to IR) is to be IR transmitting. 
Important is, that when infrared energy hits the substrate, heat is generated which displaces 
electrons, effectively generating a charge between the electrodes. This small charge is then 
amplified with an op-amp, and the result is a very usable signal that reflects changes in infrared 
energy.  
 
Lithium tantalate is used in many industrial detectors (Eltec, Fuji, and InfraTec) and is desirable 
because it is particularly sensitive in the 8-14 micrometer range emitted by humans and is also 
very stable with respect to the temperature. There are two possible approaches how to detect 
fire: 
 
The first is called the single wavelength detection technology – infrared radiation is present in 
most flames. The flame temperature is mass of hot gases (fire products) and emits a specific 
spectral pattern that can be easily recognized by employing IR sensor technology.  
 
But not only the flames are the only source of IR radiation, and in fact any hot surface such as; 
ovens, lamps, incandescent halogen lamps, furnaces, solar radiation, emit IR radiation which 
coincides with the flame IR radiation wavelengths. In order to discern the flames spectral 
signature from other IR source spectral signatures, various parameter analysis and 
mathematical techniques are employed.  
 
The most accepted are flickering analysis and narrow band IR threshold signals processed in the 
IR 4.1μm - 4.6μm wavelengths. These IR detectors are still subject to false alarms caused by 
blackbody radiation (heaters, incandescent lamps, halogen lamps flickering sunlight, and 
others). The second design approach is called dual wavelength detection technology. This 
technology has been adopted for the optical flame detection in order to minimalize or 
eliminate false alarms. This technology has two main branches – UV/IR Spectral Bands and IR/IR 
Spectral Bands. In recent years dual spectral detection was considered the most advanced 
method to cope with false alarms. 
 
The dual spectrum UV/IR technology employs a solar blind UV (ultra-violet) sensor, with a high 
signal to noise ratio and a narrow band IR sensor. The UV sensor itself is a good fire detector, 
however, it is easily activated by alarm stimuli such as; welding, lightning, X-rays and solar 
spikes. In order to prevent false alarms caused by these sources, the IR sensing channel was 
added. The IR spectral channel, has a spectral signature characteristic to fire in addition to the 
fire‘s UV flame detector spectral signature, together they serve as a reliable detector for most 
mid-range applications. Even this advanced technology has its limitations, since each type of 
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fire has its own specific ratio of UV to IR output. For example, a hydrogen flame generates a 
high amount of UV radiation with very little IR, while a coal fire will generate little UV radiation 
and a high amount of IR radiation. Since the dual UV/IR detector combines both signals to an 
“AND gate“, there could be a type of fire which will not be detected.  
 
To ensure the reliability of the fire signal, a discriminating circuit compares the UV radiation 
threshold signal, the IR threshold signal, and their ratio, as well as their flickering mode. Only 
when all parameters satisfy the detection mathematical algorithm is the fire alarm confirmed. 
However, in industrial environments the sources for false alarms are variant, including UV 
radiating sources such as; welding, electrical arcs, lightning (high voltage coronas), torches (in 
the petrochemical industry), solar spikes; as well as IR radiating sources which include heaters, 
incandescent lamps, halogen lamps, etc..  
 
Since these false alarms affect both UV and IR channels certain scenarios may occur where a 
false fire stimulus is present, for example when an IR source (such as sunlight) and a UV source 
(such as welding) are present at the same time. In certain detectors, a serious problem may 
occur when a strong UV source (welding) is present and a fire ignites. The strong UV signal 
blocks the detector‘s logic from comparison with the IR channel, thus impairing its ability to 
detect a fire. 
 
1.6 General Detector Characteristics 
 
The essential characteristics of pyroelectric detectors are the responsivity SV, the noise 
equivalent power NEP and the specific detectivity D*. They are defined in the steady-state 
condition for sinusoidal processes T [15]. They generally depend on modulation frequency f, 
wavelength λ and detector temperature.  
 
 
The responsivity SV is defined as: 
 
S
S
V
uS
F
¢
= ~
~
[V/W]         (2) 
 
where: SF
~
 is RMS (root mean square) value of the sinusoidally modulated radiation flux 
 Su ¢~  is RMS value of the sinusoidal signal voltage at the detectors output 
 
A next characteristic is expressed by the noise equivalent power NEP characterizes the signal-
to-noise ratio of the detector: 
 
V
R
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=
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[W]         (3) 
 
where: Ru ¢
~
is RMS value of the noise voltage at the detector output 
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The combination of the both previously mentioned equations shows that the noise equivalent 
power represents the minimum detectable power of the detector, and is given by a ratio of 1 
between signal voltage and noise voltage ( 1
~/~ =¢¢ RS uu ). 
 
 
The last investigated parameter is called specific detectivity. The specific detectivity 
characterizes also the signal-to-noise ratio: 
 
 
Rn
VSS
u
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NEP
BA
D
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== ~* [cm Hz 
1/2/W]       (4) 
 
 
where: Buu RRu /~~ ¢=¢ [V/Hz 
1/2]       (5) 
  
Ruu ¢~  is effective value of the noise voltage at the preamplifier output normalized on a 
bandwidth B = 1 Hz. 
 
 
The definition of the specific detectivity allows a simple comparison between the D* value of 
the real sensor and the theoretical D* limit. This limit depends only on nature constants 
(Boltzmann constant k, Stefan-Boltzmann constant σ) and the temperature T: 
 
 
5*
max 16/1 TkD s=          (6) 
 
The pyroelectric material takes a fundamentally position as the real transducer element in the 
pyroelectric radiation detector. Crystals of these crystal classes with the point group balance 
have a so-called spontaneous polarization. These crystals are called pyroelectric materials. 
Pyroelectric materials at which the spontaneous polarization can appear only in one single 
direction in the crystal (uniaxial pyroelectric materials) are technically meaningful.  
 
For use in pyroelectric radiation detectors the following material characteristics of the 
pyroelectric material are of importance: 
 
p pyroelectric coefficient 
εr  dielectric constant 
tanδ dielectric loss 
cP´ volume-specific heat capacity 
 
For high values of responsivity SV and specific detectivity D* a big pyroelectric coefficient p and 
small values of dielectric constant εr, dielectric loss tan δ and volume-specific heat capacity cP´ 
are required. For many years the pyroelectric material lithium tantalate (LiTaO3) has proved 
itself at use in pyroelectric detectors. It fulfils not only the demands on material characteristic 
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quantities just mentioned but also stands out due to an excellent temperature stability and very 
good reproducibility of the detector performance. 
 
Typical material properties of LiTaO3 at room temperature are: 
 
p = 1,8 . 10-8 Ccm-2K-1 
εr = 43 
tanδ = 0,001 
cP´ = 3,2 Jcm
-3K-1 
 
1.7 Microphony Effect 
 
 The pyroelectric materials exhibit also piezoelectric behavior then, pyroelectric sensors 
works also like a piezoelectric sensors. That’s why when the pyroelectric crystal is exposed to a 
mechanical stress or vibration then the noise signal can be detected. This signal arises from its 
piezoelectric properties. This phenomenon is called “microphony”. The so called “microphony 
effect” or acceleration sensitivity strongly depends on the packaging of the sensor chip.  
 
Mostly used sensor type for infrared motion detectors are the pyroelectric sensor type, 
as mentioned before. Because they are mostly used to detect temperature changes and, 
therefore, moving objects directly and can be applied without cooling. These sensors are also 
widely used for remote temperature measuring and thermal imaging and. Signals that are 
steady-states can be detected only if the incident radiation is modulated or choppered by a 
chopper (modulation) wheel.  
 
Fig. 7.:  Microphony effect, from the pyroelectric detector  
 
This phenomenon creates unwanted background noise which interferes with the 
detection of the thermal radiation. The “microphony” background noise forms part of the signal 
output from the detector elements to an electronic read-out circuit, and separation of this 
background noise from the infrared-generated signal component cannot be readily achieved in 
the read-out circuit. On the figure you can see response to a referential test that is originally 
intended for testing piezoelectric sensors. This test is based on breaking graphite lead against 
piezo sensor which creates referential wave. Considering hypothesis that all pyroelectric 
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behave in some cases also like piezoelectric we can declare that there is present noticeable 
microphony effect on the low frequencies. 
 
1.8 Signal Description  
 
Considering the signal and systems theory, the signal produced by the pyroelectric 
sensor can be classified according many aspects [10]. At first, we can classify this signal as 
continuous (or analogue) considering its time continuity. Then we can focus on the signal 
classification from the view of its time behavior. From this point of view, the signal can be 
classified as stochastic, stationary (its parameters do not change in time) and non-ergodic, 
because its parameters can not be observed from only one realization.  
 
The frequency of the waveform is a function of the velocity of the IR heating object and the 
distance of the object from the sensor element. The rise and fall of the object from the 
detection signal provides an indication of movement within the detection area, where as the 
amplitude of the signal gives an indication of its significance. To determine the significance of 
the detection signal, a comparator circuit provides the comparison of signal to compare the 
signal to a predetermined threshold. The threshold may take the form of a window having 
upper and lower threshold or below the lower threshold. Due to a number of variations, 
however, the comparison of the signal to a predetermined threshold can result in false alarms 
[11]. On the Fig. 8 you can see typical signal waveform induced by the pyroelectric detector in 
the state of alarm because of the candle light stimulation. The signal was preamplified in order 
to get better conditions for the measuring. PIR sensor generates an electrical signal when it 
detects IR radiation.  
 
Fig. 8.:  Alarm initiated by candle, from a detector located in open space  
 
The level of this signal varies depending upon the size, temperature and distance of the 
target that is detected. With a typical signal, the PIR output then takes few seconds (depending 
on wavelength) to settle to the zero-level.   
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2. Pyroelectric Sensors Characteristics Measuring 
 
Measuring methods are essential part of sensors behavior characterization. In our research, we 
have focused mainly on these 3 methods that could characterize basic physical properties of 
the pyroelectric sensors.  
 
· Radiation measurement with the black-body 
· Radiation measurement with the Bunsen-burner 
· Environmental chamber evaluations and tests 
 
In order to fully understand the topic, brief physical introduction is presented on the following 
pages. 
 
2.1 Physical Introduction - Planckian “Black-Body” 
 
A black body is a theoretical object that absorbs 100% of the radiation that hits it. Therefore 
it reflects no radiation and appears perfectly black. In practice no material has been found to 
absorb all incoming radiation, but carbon in its graphite form absorbs practically all the 
incoming radiation. It is also a perfect emitter of radiation. At a particular temperature the 
black body would emit the maximum amount of energy possible for that temperature.  
 
This value is known as the black body radiation. It would emit at every wavelength of light 
as it must be able to absorb every wavelength to be sure of absorbing all incoming radiation. 
The maximum wavelength emitted by a black body radiator is infinite. It also emits a definite 
amount of energy at each wavelength for a particular temperature, so standard black body 
radiation curves can be drawn for each temperature, showing the energy radiated at each 
wavelength. All objects emit radiation above absolute zero.  
 
 
 
 
 
Fig. 9.:  (a) Theoretical black body curve for 5000K  
(b) Black body radiation curves showing peak wavelengths at various temperatures [12] 
 
The black body radiation curve (see the figure above) shows that the black body does radiate 
energy at every wavelength. The curve gets infinitely close to the x-axis but never touches it.  
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The curve touches it at infinite wavelength. It also shows that the black body emits at a peak 
wavelength, at which most of the radiant energy is emitted. At 5000K the peak wavelength is 
about 5x10-7m (500nm) which is in the visible light region, in the yellow-green section. At each 
temperature the black body emits a standard amount of energy. Graph in Fig 9 (b) shows how 
the black body radiation curves change at various temperatures. These all have their peak 
wavelengths in the infra-red part of the spectrum as they are at a lower temperature than the 
previous graph.  
 
We should not forget that real objects never behave as full-ideal black bodies, and instead the 
emitted radiation at a given frequency is a fraction of what the ideal emission would be. The 
emissivity of a material specifies how well a real body radiates energy as compared with a black 
body. This makes emissivity dependant on factors such as temperature, material, geometric 
shape, etc. However, it is typical in engineering to assume that a surface's spectral emissivity 
and absorptivity do not depend on wavelength, so that the emissivity is a constant. This is 
known as the grey body assumption. 
 
Although Planck's formula predicts that a black body will radiate energy at all frequencies, the 
formula is only applicable when many photons are being measured. For example, a black body 
at room temperature (300 K) with one square meter of surface area will emit a photon in the 
visible range once every thousand years or so, meaning that for most practical purposes, the 
black body does not emit in the visible range. 
 
From the figure 9 we can see that: 
 
· As the temperature increases, the peak wavelength emitted by the black body 
shifts to shorter wavelenghts. (It therefore begins to move from the infra-red 
towards the visible part of the spectrum. Again, none of the graphs touch the x-axis 
so they emit at every wavelength. This means that some visible radiation is emitted 
even at these lower temperatures and at any temperature above absolute zero, a 
black body will emit few photons with energy corresponding to the visible light.) 
 
· As temperature increases, the total energy emitted increases, because the total 
area under the curve increases. (It also shows that the relationship is not linear as 
the area does not increase in even steps. The rate of increase of area and therefore 
energy increases as temperature increases.) 
 
Planck's law describes the spectral radiance of electromagnetic radiation at all wavelengths 
from a black body at temperature T. As a function of frequency ν: 
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As a function of wavelength λ it is written (for infinitesimal solid angle) as: 
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where: 
 
I - spectral radiance or energy per unit time per unit surface area per unit solid angle 
per unit frequency or wavelength 
ν - frequency 
λ - wavelength 
Τ - temperature 
h - Planck’s constant 
c - speed of light 
e - base of the natural logarithm, 2.718281.. 
k - Boltzmann's constant 
 
Wien’s displacement law states that there is an inverse relationship between the wavelength 
of the peak of the emission of a black body and its temperature. 
 
T
b
=maxl            (9) 
 
where: 
 
λmax is the peak wavelength in meters 
Τ is the temperature of the blackbody in kelvins (K) 
b is a constant of proportionality, called Wien's displacement  
constant and equals 2.897 768 5(51) × 10–3 m K 
 
Wien's constant may be used in different units, and many examples to calculate familiar 
situation types of radiation required use of only one or two significant figures: 
 
Light from incandescent bulbs and fires - a lightbulb has a glowing wire with a somewhat lower 
temperature, resulting in yellow light, and something that is "red hot" is again a little less hot. It 
is easy to calculate that a wood fire at 1500 K puts out peak radiation at 3 million nm K /1500 K 
= 2000 nm = 20,000. This is far more energy in the infrared than in the visible band, which ends 
about 7500 K. 
  
Radiation from mammals and the living human body - mammals at roughly 300 K emit peak 
radiation at 3 thousand μm K / 300 K = 10 μm, in the far infrared. This is therefore the range of 
infrared wavelengths that pit viper snakes and passive IR cameras must sense.  
 
The wavelength of radiation from the Big Bang - a typical application of Wien's law would also 
be to the blackbody radiation resulting from the Big Bang. Remembering that Wien's 
displacement constant is about 3 mm K, and the temperature of the Big Bang background 
radiation is about 3 K (actually 2.7 K), it is apparent that the microwave background of the sky 
peaks in power at 2.9 mm K / 2.7 K = just over 1 mm wavelength in the microwave spectrum. 
This provides a convenient rule of thumb for why microwave equipment must be sensitive on 
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both sides of this frequency band, in order to do effective research on the cosmic microwave 
background.  
 
This law was first derived by Wilhelm Wien in 1896. This equation does accurately describe the 
short wavelength (high frequency) spectrum of thermal emission from objects. The Wien 
approximation was originally proposed as a description of the complete spectrum of thermal 
radiation, although it failed to accurately describe long wavelength (low frequency) emission.  
 
However, it was soon superseded by Planck’s law, developed by Max Planck. Unlike the Wien 
approximation, Planck's law accurately describes the complete spectrum of thermal radiation. 
 
Stefan-Boltzmann law states that the total energy radiated per unit area per unit time j* (in 
W/m2) by a black body is related to its temperature T and the Stefan-Boltzmann constant σ as 
follows: 
 
j* = σ·T4           (10) 
 
The Rayleigh-Jeans law developed by Lord Rayleigh may be used to accurately describe the 
long wavelength spectrum of thermal radiation but fails to describe the short wavelength 
spectrum of thermal emission.  For wavelength λ, it is: 
 
4
2)(
l
pl ckTf =           (11) 
 
However it predicts an energy output that diverges towards infinity as wavelengths grow 
smaller. This was not supported by experiments and the failure has become known as the 
ultraviolet catastrophe; however it was not, as is sometimes asserted in physics textbooks, a 
motivation for quantum theory 
 
2.2 Physical Introduction - Ultraviolet Sources Spectrum 
 
Ultraviolet refers to all electromagnetic radiation with wavelengths in the range of 10 to 400 
nanometers, or frequencies from 7.5×1014 to 3×1016 Hz. We have used ultraviolet source in order 
to test its response of the pyroelectric sensor. 
The UV-A range is wavelengths from 315 to 400 nanometers. Wavelengths from about 345 to 
400 nm are used for "Black-light" effects (causing many fluorescent objects to glow) and are 
usually very slightly visible if isolated from more visible wavelengths. Shorter UV-A wavelengths 
from 315 to 345 nm are used for suntanning.  
UV-B refers to wavelengths from 280 to 315 nanometers. These wavelengths are more 
hazardous than UV-A wavelengths, and are largely responsible for sunburn. The ozone layer 
partially blocks these wavelengths.  
Strangely, UV-B lasers are considered less hazardous than UV-A lasers, since UV-B is more easily 
absorbed by various fluids and tissues in the eye and cannot reach the retina in significant 
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amounts. UV-B also does not penetrate as deeply in the skin as UV-A. However, the deadliest 
types of skin cancer (malignant melanomas) start in the epidermis, an upper layer of the skin. 
UV-B is largely blamed for these cancers, although shorter UV-A wavelengths are considered 
possibly cancer-causing.  
UV-C refers to shorter UV wavelengths, usually 200 to 280 nm. Even shorter wavelengths from 
10 to 200 nm are usually considered separately as "Vacuum Ultraviolet" since they are 
absorbed by air, although these wavelengths are also considered a shorter range of UV-C. 
Wavelengths in the UV-C range, especially from the low 200's to about 275 nm, are especially 
damaging to exposed cells. Such shortwave UV is often used for germ killing purposes. For 
example, a hydrogen flame generates a high amount of UV radiation with very little IR, while a 
coal fire will generate little UV radiation and a high amount of IR radiation.  
The electromagnetic spectrum of ultraviolet light can be subdivided in a number of ways. The 
draft ISO standard on determining solar irradiances (ISO-DIS-21348) describes the following 
ranges [16]: 
 
 
 
Name Abbreviation Wavelength  Energy per photon 
Ultraviolet A, long wave, or black light UVA 400 nm - 315 nm 3.10 - 3.94 eV 
Near NUV 400 nm - 300 nm 3.10 - 4.13 eV 
Ultraviolet B or medium wave UVB 315 nm - 280 nm 3.94 - 4.43 eV 
Middle MUV 300 nm - 200 nm 4.13 - 6.20 eV 
Ultraviolet C, short wave, or germicidal UVC 280 nm - 100 nm 4.43 - 12.4 eV 
Far FUV 200 nm - 122 nm 6.20 - 10.2 eV 
Vacuum VUV 200 nm - 10 nm 6.20 - 124 eV 
Extreme EUV 121 nm - 10 nm 10.2 - 124 eV 
 
Tab. 1 – The electromagnetic spectrum of ultraviolet light [16] 
 
In photolithography, in laser technology, etc., the term deep ultraviolet or DUV refers to 
wavelengths below 300 nm. "Vacuum UV" is so named because it is absorbed strongly by air 
and is used in vacuums. 
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2.3 Measurement Devices for Recording and Analysis of the Pyroelectric Signals 
 
In the previous chapters, there were described some basics aspects, that influenced our 
measuring. In order to compensate them, and to get best results, we designed suitable 
measurement station. This workplace is composed of these parts: 
 
1) Pyro-electric sensor - this is essential part of every similar measuring workbench. Its 
main function is to change the IR radiation to the measurable electric signal. In this 
work, we have always used InfraTec LME345f sensor. Pyroelectric sensors are subjects 
of our research investigation. 
 
2) Chopper – another essential part, its function is to “slice” the radiation beam in order to 
create sinus-like waveform. It looks like stroboscopic wheel with circle windows aboard. 
 
3) Regulated low-noise DC source – In general, we can say that its main function is to 
supply the CMOS operation amplifier, which is integrated in the pyro-sensor and to 
establish its noise resistance in order to get measurable signal with desirable S/N ratio. 
 
4) Low-noise preamp – this device will be described in stand-alone chapter because of its 
complexity. Basically, we can say, that its main function is to serve as impedance 
separation and naturally to amplify the incoming signal with regard to the high-grade 
low-noise behavior. 
 
5) Oscilloscope + GPIB interface – this device works measures and preprocessing the input 
signal. In our measurements, we have used Agilent Infinium MSO8104A that contains 
whole PC inside it. It also contains GPIB interface that can connect it to the other 
devices or computers. 
  
 
Fig. 10.:  Experimental measurement station schematic 
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2.4 Experiment one - Radiation Measurement on the Black-Body 
 
This method investigates functional dependence between signal intensity and distance and 
angle between the black-body (which is considered to be referential IR source) and pyroelectric 
(sometimes referred as PIR) sensor. This characteristic is the essential part of onward exercises, 
mainly for the IR source localization, which will be solved in consequential chapters.  
 
In our experiment, we put the black-body source in the front of the pyroelectric sensor and 
changed the distance between them in order to investigate its signal intensity functionality.  
According to the theory - any point source which spreads its influence equally in all directions 
without a limit to its range will obey the inverse square law. This comes from strictly 
geometrical considerations. The intensity of the influence at any given radius (r) is the source 
strength divided by the area of the sphere.  
 
 
Fig. 11.:  Inverse square law graphical explanation 
 
Between black-body and detector, a “chopper” (modulation wheel) is placed, that converts DC 
data signal flow to the sinus waveform. The chopper wheel contains 6 holes inside. This gives a 
chopping frequency about 3-4 Hz. This configuration is recommended by the European norm 
EN 54-10, part 10: Flame detectors. In all our measuring we used small cavity black body, 0.25”, 
from Infrared Systems Company heated to the 800°C. 
 
The pyroelectric sensor contains low noise OpAmp, which was connected to the load resistor R 
10 kΩ between output and ground. The OpAmp, integrated in the pyroelectric sensor, was 
connected to the low-noise laboratory +5V/-5V symmetric voltage source. For a higher signal 
levels, an additional measurement preamplifier (connected behind the PIR’s integrated OpAmp) 
has been used. This preamplifier contains 3 independent channels, where each works with 
20dB gain that is enough for this exercise. Design approach and construction progress will be 
described further in the text. 
 
 
Fig. 12.:  Experimental setup for the black-body radiation measuring 
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It is necessary to underline, that this experiment is very sensitive to various noises. Most of the 
noise, which could influence our measurement, is reduced by using the laboratory DC source, 
which is considered to be low-noise. Other significant source of noise comes from the sun light, 
so an artificial source of light (during the measurements) should be used. Other minor various 
sources of noises and fluctuations have been blocked by working in environment, which 
complies with the EMC rules. 
2.4.1 Results of the Experiment 
 
 In this experiment, it has been proved that the pyroelectric sensor’s sensitivity is strictly 
dependent on the distance of the infra-red radiation source. This behavior is very similar for 
every pyroelectric sensor. On the following graph you can see that the behavior function of the 
signal intensity is falling exponentially together with the rising distance. The red dashed-line 
symbolizes regression, which could be used for numerical approximation. At a glance, it is 
noticeable, that the function has exponential behavior. 
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Fig. 13.:  Functional dependency of the detector’s intensity on the distance on the BB 
 
The detector reaches best results in the distance range from the 210 mm to the 810 mm. Then 
the signal level approaches the noise threshold, which can affect the measurement in bad way. 
This problem will be solved in the individual chapter, with the help of using artificial neural 
networks. 
 
On the next figure, the function has been numerically converted according to the inverse 
square law. This allows us to observe function behavior together with the rising 1/d2 (where d is 
the distance from between the BB and sensor).  
 
From the measured data, we can see that the detector’s output intensity is inversely 
proportional to the square of the distance from the source of infra-red radiation, or simply the 
output characteristics follows the inverse square law. This will be very important for the 
analytical source localization (further in the text), where the sensor’s output characteristics can 
be very simply substituted using suitable linear function. 
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Fig. 14.:  Functional dependency of the detector’s intensity on the 1/dist. squared on the BB 
 
 Next part of the experiment deals with the Black-Body’s temperature, which also has a 
major influence on the output signal. Our task was to determine the distance/temperature 
functionality. For this exercise, we have modified the previous setup only slightly. The signal has 
been measured for the four various distances (300, 450 and 600 mm), where the Black-Body’s 
temperature was sequentially increased, from the 400°C to the 800°C.  
 
The measurement of the lower part of the temperature spectrum (25°C - 400°C) did not 
produced useable values, because of the presence of the very strong noise levels, which 
strongly influenced the signal on a longer distances (500 mm and more).  All the measurements 
has been done in the same condition, as for the previous tests (room temperature θ = 25°C, 
chopper frequency 30 turns per minute). 
 
From the fig. 15, you can see that the functional dependency of the detector’s distance on the 
Black-Body’s thermodynamic temperature is almost perfectly linear.  Color points are 
symbolizing the measured values for the 4 various distances. The dashed line symbolizes linear 
regression, which could be used with very high reliability for all the measured range. 
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Fig. 15.:  Functional dependency of the detector’s distance, on the temperature of the BB 
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 Next part of the experiment deals with observation of changing signal intensity 
depending on the angle of incidence of radiation on plane of sensor. The measurement has 
been made in 3 various positions (distances) from the BB - the 300 mm (where the signal level 
is still quite strong) and in 450 mm and 600 mm distance. In every measurement, 10 angle 
positions have been recorded. 
 
Fig. 16.:  Experimental setup for a changing angle signal intensity measurement 
 
From the measurement we can observe, that the signal intensity is falling rapidly when the 
detector reaches the angle of circa 50°. This confirms the data presented in the manufacturer’s 
datasheet for this detector, where the guaranteed visual angle is until 45° to the every spatial 
quadrant, videlicet 90° vertically and 90° horizontally. 
 
This series of experiments fully characterizes the InfraTec LME345f sensor’s optical parameters 
for the (almost) ideal radiation source – the real black body.  
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Fig. 17.:  Functional dependency of the detector’s intensity on the changing angle of the BB 
 
2.5 Experiment one - Radiation Measurement on the Black-Body 
 
 This method investigates functional dependence between signal intensity and distance 
between the Bunsen burner and pyroelectric (sometimes referred as PIR) sensor. These 
measurements are the essential part of the sensor’s characteristic and together with 
measurements made on the Black Body, describes sensor’s Behavior on the non-ideal radiation 
sources.  
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In our experiment, we put the Bunsen burner source (connected to the butane tank with 
constant pressure of 0.4 Bar) in the front of the pyroelectric sensor and changed the distance 
between them in order to investigate its signal intensity functionality.  Between the Bunsen 
burner and the detector, a “chopper” (modulation wheel) is placed. The chopper converts DC 
data signal flow to the sinus waveform. This configuration is recommended by the European 
norm EN 54-10, part 10: Flame detectors.  
 
Fig. 18.:  Experimental setup for the butane Bunsen burner radiation measuring 
 
In this experiment we have used the same parameters, like in previous one. That means 
frequency of the chopper:  30 turns per minute in order to get best results.  The pyroelectric 
sensor’s integrated OpAmp was connected together with the load resistor R to work as 
impedance converter and was connected to the laboratory voltage source.  
2.5.1 Results of the Experiment 
 
The goal of this experiment was to prove, that also for the non-ideal radiation source the 
Inverse Square Law will become evident. The Inverse square law states that amplitude is 
inversely proportional to the square of the distance from the source of the radiation. On the 
following figure, it can be observed, that the functional dependency of distance on the burner 
has very similar behavior, like the Black-body in the previous experiment. The detector reaches 
best results in the distance range from the 370 mm to the 870 mm. Then the signal level 
approaches the noise threshold, which can affect the measurement in bad way. This problem 
will be solved in the individual chapter, with the help of using artificial neural networks. 
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Fig. 19.:  Functional dependency of the detector’s intensity on the burner’s distance 
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On the next figure, the function has been numerically converted according to the inverse 
square law. This allows us to observe function behavior together with the rising 1/d2 (where d is 
the distance from between the BB and sensor). 
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Fig. 20.:  Functional dependency of the detector’s intensity on the 1/dist. squared on the BB 
 
 Next part of the experiment is connected with observation of the changing signal 
intensity depending on the changing detector’s angle. The measurement has been made in 3 
various positions (distances) from the BB - the 300 mm (where the signal level is still quite 
strong) and in 450 mm and 600 mm distance. In every measurement, 10 angle positions have 
been recorded.  This measurement is very sensitive to distortions and other inaccurateness, 
that’s why we improved the laboratory conditions (above EN 54-10 recommendations) in order 
to provide referential conditions during the test - for example to avoid picking up the reflection 
from the walls, reducing electrical and optical distortions (for example the sunlight) or setting 
up the exact thermal conditions in the laboratory. From the measurement we can observe, that 
the situation is very similar to the situation by the Black-Body measurement. Signal intensity 
also falls rapidly when the detector reaches the angle of 50°. That confirms the data presented 
in the manufacturer’s datasheet for the detector. 
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Fig. 21.:  Functional dependency of the detector’s output on the changing angle of the burner 
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2.6 Experiment Three - Environmental Chamber S/N Measurement 
 
 
Radiation measuring detectors, by means of the change of temperature of an absorbing 
material are classified as thermal detectors. Thermal detector responds to any wavelength 
radiation which is absorbed. When an appropriate absorbing material or “blackening” is applied 
to the detector element surface, they can be made to respond over a wide range of 
wavelengths. Differing and diverse environmental conditions can adversely affect pyroelectric 
detector stability and performance. It is extremely important for IR system designers to 
understand how system requirements can best be translated to optimize detector 
specifications, and to acquire some basic knowledge of detektor characteristics and 
construction. 
 
This measurement shows how can environmental conditions (mainly the temperature) 
influence the results of measuring and signal production. In this experiment, we have tested 
variable thermal conditions in order to determine, whether there is some dependency between 
thermal shifts to noise appearance. 
 
2.6.1 Introduction and Experimental Setup 
 
Thermal noise, also referred to as Johnson is the electronic noise generated by the 
thermal agitation of the charge carriers (usually the electrons) inside an electrical conductor at 
equilibrium, which happens regardless of any applied voltage. Thermal noise is approximately 
white, meaning that the power spectral density is equal throughout the frequency spectrum. 
Additionally, the amplitude of the signal has very nearly a Gaussian probability density function.  
 
The concept of thermal noise has its roots in thermodynamics and is associated with the 
temperature-dependent random movements of free particles such as gas molecules in a 
container or electrons in a conductor. Although these random particle movements average to 
zero, the fluctuations about the average constitute the thermal noise.  
 
The free movement of electrons constitutes random spontaneous currents, or thermal noise, 
that average to zero since in the absent of a voltage electrons move in all different directions. 
As the temperature of a conductor, provided by its surroundings, increases, the electrons move 
to higher-energy states and the random current flow increases. 
 
Experimental setup can be described this way – there were an Agilent Infinium Oscilloscope 
connected to the pyroelectric sensor, that was located in metal box (in order to correspond 
with EMC rules) and this was located in the environmental chamber. We have also used low-
noise DC power supply, in order to reduce noise that would come from the laboratory power 
source.  Test thermal conditions were set according to the norms used for standard detectors 
testing. Whole cycle started from 25°C and continued to the 80°C limit, that was hold exact 
time period. Then the temperature started to decrease back until 25°C. These two different 
thermal conditions, which are certified by the manufacturer as working temperatures, were 
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fundamental for our research in order to trace the thermal dependency of the pyroelectric 
detectors.  
 
2.6.2 Results of the Experiment 
 
From the following figure, it can be observed, that the noise spectral density is 
dependent on the rising temperature. 
 
 
Fig. 22.:  Voltage noise temperature behavior of the InfraTec LME345-f pyroelectric sensor 
2.6.3 Conclusion of the Experiment 
 
The temperature increase leads in to the increase of the bias current of the integrated 
OpAmp and the decrease in feedback resistor. This conditions leads to the higher overall 
detection noise. This increase in noise is particularly prominent at lower frequencies, see Figure 
below. The temperature dependency of detectors with OpAmp circuitry is more significantly 
influenced by the modulation frequency than the detectors with only integrated FET amplifier. 
[24].   
The rest of the noise spectra is afflicted the so called “flickering noise” (sometimes 
referred as the 1/f noise), which is proportional to the reciprocal of the frequency. There is 
equal energy in all octaves - In terms of power at a constant bandwidth, 1/f noise falls off at 3 
dB per octave. Theoretically, at the higher frequencies the 1/f noise is never dominant, that 
fully corresponds with our measurement. 
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2.7 Sensor package moistening immunity 
 The last issue, which has been solved in our work concerns about the impermeability of 
the TO-5 package, in which the sensor body is located. At the beginning, we are expecting some 
leakage that could be caused by the micro-aperture between the filter window and top welt of 
the package.  Considering this problem to be likely, we prepared easy experiment to validate 
the experiment concerning moistening immunity against water vapor.  
The sensor has been placed in to the isolated vessel filled with water, among the water-level in 
order to contact with the water.  The detector’s electric installation was covered in the metal 
case in order to fulfill the EMC conditions. During the experiment which was decomposed in the 
time interval of 2 weeks (2 measurements was made per weak), we have observed the change 
of the signal power density spectra and changes on all the spectral frequencies until 1Mhz.   
During the four weeks of investigation, when the pyrometric chip was exposed to the saturated 
water vapor, the change in the noise frequency spectrum has been observed. This change could 
indicate changes in the pyroelectric surface structure caused by the water molecules 
interaction, when the molecules passing through the TO-5 package. The To-5 package is 
declared to be hermetical, but according to our experiences this doesn’t have to be always true. 
The water molecules are absorbed on the specific places of the surface, where the dipole 
moments locally influencing the electrical polarization of the material. This event could be the 
cause of the raised noise. According some of the measurements, we can declare this event to 
be reversible in this phase of absorption. Heating up the chip on to the 60°C, the water 
molecules can be removed and the noise level falls down on to its standard amount. 
 
With longer time of the water vapor molecules interaction then it comes to the chemisorptions 
and diffusions under the surface and also to the creating of the large-scale defects in the crystal 
structure of the material and also the changes of chemical structure /the creation of the linear 
defects or the dislocations/. These are electrically active and non-reversible. They also 
contribute to the noise spectra. Their distribution can be found out using the electron 
microscopy or roentgen analysis. The observations and data correlations are going beyond of 
the submission of this thesis and they will be the field of study of the following part of the PhD. 
work. 
 
The metallic encapsulation used for the pyroelectric sensors has to meet the requirements of 
military standards in terms of hermeticity, mechanical endurance, electromagnetic immunity 
etc. Any failure in these parameters jeopardizes the functionality of the whole equipments. It is 
believed that the ingress of water vapor causes a significant increase of noise of primary signal 
arising from pyroelectric crystal. Thus primary noise is further amplified and thus worsens the 
signal/noise ratio. This leads to the increasing amount of false alarms.  
 
False alarms are very costly therefore our primary interest is to achieve the highest level of 
reliability of the detector in terms of reduction of false alarm. We decided to open the study of 
the degradation mechanism of pyroelectric sensors. 
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3. Low-Noise Preamplifier 
 
The infra-red radiation, that is necessary for our measurements purposes, is produced by the 
flaming fires involving carbonaceous materials. These sources are placed on various segments 
of IR spectrum. On Fig. 23 [4] it can see the spectrum ranges of such typical radiation sources. 
 
 
 
Fig. 23.:  (a) shows the spectrum of typical involving carbonaceous materials [4]   
(b) the spectrum of the radiation of the sun and (c) that of a tungsten filament lamp  
 
You can see a large peak in the flame output that is located at wavelengths in the region of 
4.45μm. This peak is integral part of carbonaceous flames spectrum. It is originated from the 
formation of carbon dioxide in the flame. It should not be omitted, that the radiation from the 
sun and from the filament lamp is relatively low in this region. 
  
 
Fig. 24.:  Block schematic diagram of the sensor testing installation 
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In order to guarantee accurate radiation classification, most of the detectors are using optical 
filters that transmit infra-red between 4.38 μm and 4.56 μm (shown shaded in fig. 23 (a). 
The infra-red detector is excited by a radiation wave and transmits the electronic pulse into the 
preamplifier. It is observed, that the preamplifier is most critical part. The preamp should 
amplify the input signal with minimal noise in the entire required frequency band. In this 
chapter we concentrate on the preamplifier in order to obtain the best signal to noise 
performance.  
3.1   Preamplifier Design Approach 
 
 
A few possible solutions for performance optimization are available [1]:  
 
Ø The best way to reach optimal parameters is to use the amplifier with lowest noise 
components specified by a manufacturer. If an operational amplifier is used, the 
corresponding datasheet will indicate the voltage and current noise spectral densities en 
and in. Minimizing those two seems to be sufficient to reach the best noise performance 
 
Ø Increasing amplifier’s input impedance maximizes the input signal, so the signal 
generated by the sensor is not dampened. Another approach is to apply matching 
circuits, so the signal cable or the sensor impedance is best matched for minimum 
reflections of band flatness. But this requirement usually calls for high input impedance, 
which generates more noise. 
 
Ø Minimize the noise figure. The noise figure is expressing the signal-to-noise ratio 
degradation while signal is passing the amplifier electronics. Again, as can be seen from 
a further investigation, this method also has some shorts comings like signal source 
noise increase is reflected as the noise figure improvement.  
 
Ø It is necessary to lower preamplifiers output noise considering all possible noise sources. 
However, there is a need to separate the sources of noise which can not be modified or 
which would degrade the signal performance.  
 
3.2  Noise Model 
 
 When developing the noise model, either into analytical form or be modeled, it is useful 
to use some circuit oriented software like Microcap. Although that the Microcap modeling 
seems to offer the easiest and closer to reality approach, we decided to use the analytical 
model, since in such a case noise contributors can be analyzed separately, cutting out the 
sources level of which can not be modified or controlled.  
 
For this purpose we have used pre-developed analytical noise model [7], incorporating both 
sensor and electronics units.  
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Fig. 25.:  Electrical equivalent of the circuit noise to be modeled [7] 
 
The noise spectral density of the is input resistance Rt  
eT
2 = 4kTRt              (12) 
 
where:  
k=1.380658.10-23 [J/C] - Boltzmann constant, T is the absolute ambient temperature.  
 
 
Fig. 26.:  Noise model circuit [7] 
 
 
The sensor noise spectral density is determined by the real part of the sensor impedance 
es
2 = kT Zs               (13)  
The feedback circuit resistors contribute the noise densities  
e1
2 = 4kTR1 ;     e2
2 = 4kTR2 .       (14)  
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With the amplifier noise gain  
1
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we get the equation for the output noise density calculation:  
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3.3  Noise Analysis 
 
 Next step is to do the noise analysis - in order to evaluate the importance and influence 
of circuit parameters, we now investigate equation 6 components. Major interest is focused on 
the operational amplifier internal noise voltage source.  
 
The simplest approach would be to minimize this parameter, by choosing an appropriate 
amplifier. In addition to that, this member has the simplest expression. I have chosen OPA847 
that is presenting the lowest voltage noise, from the family of compatible similar low noise 
operation amplifiers.  
 
We start analysis using those parameters which do not interfere with other components of 
noise generation. Since the feedback circuit is not influencing the input components (the sensor 
and the input resistor) noise, we analyze these components first of all. In order to be able to 
neglect the R1 and R2 noise, their voltage spectral density has to be 1/3 (less than 5%) of that of 
contributed by en.  
 
Let’s solve the components for this requirement, from the equation n. 11 [8] 
 
The maximum R1 value for R1 thermal noise exclusion is calculates as  
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The maximum R1 value for R2 thermal noise exclusion is  
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The maximum R1 value for exclusion of the amplifier current noise in- generated voltage when 
loaded by R1 and R2 parallel connection is  
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It can be proved that the reasonable gain value to use in calculations is about 20-40dB. The 
calculations results, basing all the assumptions and equations 12, 13 and 14 are presented in  
The next topic for analysis should be the component which we can not be modified, e.g. sensor. 
Only sensor noise spectral density component e2ntrtot at the amplifier output with the gain 100. 
In order to reduce the complexity, the input resistance Rt is taken to be close to infinity. 
The output noise can be calculated by integrating component e2ntrtot over a frequency range. 
The value obtained represents the noise RMS value at the amplifier output [7]:  
ò=
2
1
2
f
f
ntrotesRMS dfeE          (20) 
In such a way we have the ability to analyze noise RMS at the amplifier output behavior versus 
the input resistance Rt. From the signal propagation analysis it can be computed that the input 
resistance Rt is desired to be over 10 times of the sensor Rs.  
Therefore Rt=10 Rs values for best signal performance. The noise from a resistor is proportional 
to its resistance and temperature. It is important not to operate resistors at elevated 
temperatures in high gain input stages. Lowering resistance values also reduces thermal noise. 
This time we see that it makes sense to increase the Rt value further above 10Rs, so the Rt 
thermal noise component can become negligibly low. This behavior could be explained by 
damping of the thermal noise source voltage by a lower impedance of the sensor circuit. Taking 
the same integral over the frequency range we calculate the current noise source in the 
generated voltage contribution to the noise RMS.  
3.4  Preamp Circuit Design  
 
 The OPA847 combines very high gain bandwidth and large signal performance with an 
ultra-low input noise voltage (0.85nV/√Hz) while using only 18mA supply current. Where power 
saving is critical, the OPA847 also includes an optional power shutdown pin that, when pulled 
low, disables the amplifier and decreases the supply current to < 1% of the powered-up value.  
 
This optional feature may be left disconnected to ensure normal amplifier operation when no 
power-down is required. The combination of very low input voltage and current noise, along 
with a 3.9GHz gain bandwidth product, make the OPA847 an ideal amplifier for wideband trans-
impedance applications. On the next figure you can see preamp design approach. [13] 
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Fig. 27.:  Main block amplifier schematics 
On the fig 27, you can see final main block amplifier design approach in the non-
inverting configuration. Its bandwidth should be limited until 1Mhz because of the electron 
affinity in the LiTaO3 crystal. This could be done adding parallel capacitor to the R2 resistor. For 
such wide band a gain of 20dB would be ideal [1].  
  
 
Fig. 28.:  Power source and Li-Ion charger schematics 
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If we want to guarantee the first-rate SNR behavior in wide bandwidth we also have to provide 
the appropriate power supply, because the power supply is always a source of unwanted noise 
(throughout the frequency spectra) which could influence the amplifiers output. We can 
contribute to the minimization of this problem using embedded DC power source, like batteries 
or for the better accumulators. On this account a pair of Li-Ion accumulators has been chosen 
and mounted directly to the amplifier’s case.  As you can see from the schematic (Fig. 28), the 
power switch is activating either the amplifier circuits (and then the power source is 
disconnected from the charger) or the charger (the amplifier is offline).  
 
When the external 5V DC power source is connected (for example from the AC adaptor), the 
charger circuit starts to charge the accumulators. Each LED diode indicates the working regime 
– when the LED1 and LED2 are shining, the charger is still working. After the Li-Ion is fully 
charged, the LED1 and LED2 are turned off. The accumulator are charged by the 500mA 
current, that is controlled by the integrated Li-Ion charger MAX1811[17].   
 
The MAX1811 is a single-cell lithium-ion (Li+) battery charger that can be powered directly from 
a USB port* or from an external supply up to 6.5V. It has a 0.5% overall battery regulation 
voltage accuracy to allow maximum utilization of the battery capacity. 
 
The charger uses an internal FET to deliver up to 500mA charging current to the battery. The 
device can be configured for either a 4.1V or 4.2V battery, using the SELV input. The SELV input 
sets the charge current to either 100mA or 500mA. An open-drain output (active-low CHG) 
indicates charge status. The MAX1811 has preconditioning that “soft-starts” a near-dead 
battery cell before charging. Other safety features include continuous monitoring of voltage 
and current and initial checking for fault conditions before charging. With fully charged 
accumulators the amplifier is theoretically able to work at least 10 hours. 
3.5  Preamp Construction 
 
The PCB of our preamplifier was placed in the hard metal case, which has been connected 
to the common ground in order to shield whole circuit. The BNC connectors, jack connector, 
LED diodes and switch were placed on the lead (front) and back (rear) plane of the amplifiers 
case. All the non-SMD parts have been mechanically fixed either to the case or to the PCB, 
which should prevent unwanted vibrations, which could theoretically affect amplifiers behavior. 
 
 
Fig. 29.:  Final construction of the AK-07 preamplifier 
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Fig. 30.:  Pyro PreAmplifier PCB layout – the top side 
 
 As for the PCB design a double-sided PCB layout has been used. On the fig. 30 you can 
see the top side of the amplifiers PCB. The PCB is emplaced in to the functional blocks in 
dependence of their function. On the left-side of the PCB, near the input connectors, there are 
3 amplifiers main blocks (as mentioned on before, fig. 27).  It was necessary to place the main 
block to closest the input connector in order to reduce the way from the connector to the 
operation amplifier, which should reduce the eventual noise induced on the way.  
 
These three main blocks shares the same ground and the some supply voltage, which is brought 
into the circuit after switching the 3-pole, 2-position switcher located in the upper part of the 
PCB. As mentioned before the amplifier uses symmetrical power source, that makes us to use 
the two Li-Ion accumulators. The two accumulators supply the circuit with +/- 3.7 V DC 
voltages, with common ground in the middle on which all amplifiers the grounds have been 
connected. 
 
The switch works not only as circuit closer. When the switch is off (the amplifier is offline), the 
switch activates the external input, which supply the internal accumulator charger. That means 
the amplifier is turned off always, when the charger is active. Also this arrangement should 
prevent the external noise coming from the external DC source to distort the amplified signal 
and degrade the amplifiers parameters.  
 
The settlement schematic can be seen on the figure 31. Most of the used parts were SMD 805 
technology, because of the very small contact’s surfaces, which is advantageous from the in 
consideration of the electromagnetic immunity.  
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Fig. 31.:  Pyro PreAmplifier PCB layout – settlement schematic  
 
3.6  Preamplifier’s Operating Parameters 
 
When speaking about operating parameters, we should underline that the working 
parameters are dependent mainly on used parts, their technology, and implementation of the 
EMI (electromagnetic) requirements. All these coefficients can affect a final behavior of our 
circuit. On this account, we should introduce some basic parameters of the chosen operating 
amplifier, which is the heart of whole circuit. 
 
The OPA847 implements very high gain bandwidth and large signal performance with an 
only ultra-low input noise voltage (about 1nV/√Hz according to the datasheet) while using only 
18mA supply current. The combination of low input voltage and current noise, along with a 
more then 1GHz gain makes the OPA847 an ideal amplifier for wideband transimpedance 
applications.  
 
Our preamplifier was constructed with regard to co-operate with the integrated amplifier, 
which is placed on the LME345f output. That’s why the output gain was set to the only 20dB 
per channel, because this makes output voltage high enough (4V P-P) for our measurements. 
 
We have tested the amplifier for the three main conditions. The first condition arises, when 
there is no load on the input – the circuit is works with no-load. Second condition comes on 
when there is short-circuit on the input (realized with the shorted BNC connector). And finally, 
the third condition is considered to be standard condition, where there is average high ohmic 
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load, in our case 10kΩ rezistor. Spectral noise density function of those three mentioned 
conditions can be seen on the following figure. 
 
Spectral noise density of the AK-07 Preamplifier
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Fig. 32.:  Spectral noise density of the amplifier a) not loaded b) loaded 10kΩ c) shorted 
 
 On the figure 32, there is power noise density spectrum shown, which illustrates 
signal/noise behavior of the amplifier throughout the frequency spectra. It could be observed, 
that the average noise level from is somewhere about 10-16V (peak to peak) in the bandwidth 
starting with 103Hz up to the upper level (amplifier is limited by the 1Mhz).  
 
According to our measurements, the noise level of the LME345f pyroelectric sensor is placed 
somewhere around 101 – 102 mV (peak to peak).  From this point of view we can declare, that 
the preamplifier is low-noise and can not affect the noise level of the measurements. 
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4 Pyroelectric Signal Data Processing 
 
4.1     Introduction 
 
Next objective of my studies was to process the recorded and stored signal with respect 
to the contemporary needs of the fire detection industry. At the moment, the PIR sensors have 
been used mainly for the flame indication, i.e. to report the presence of some IR source (for 
example the flame) in some detection area.  
 
Using two or more detectors guarantee very good detection performance because a 
single-element detector responds to any temperature changes in the environment and 
therefore must be thermally compensated to remove sensitivity to ambient temperature. Dual-
element detectors have the inherent advantage that the output voltage is the difference 
between the voltages obtained from each of the elements of the detector, which subtracts out 
environmental effects.  
 
 
Fig. 33.:  Triple IR S200+ flame detector range from the Tyco Safety Products [25] 
 
 
In my work, I have extended this concept from the only fire indication to the spatial fire 
localization. That means these four PIR sensors, located around the detection are (DA) have 
been used for the spatial localization in order to give us particular coordinates of the fire, which 
suddenly sprang in the existence. For this purposes a classical localization approach like Method 
of Circles (MOC) based upon the classical geometrical triangulation have been used as same as 
the relatively new approach based on Artificial Neural Networks (ANN) application. 
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4.2     Classical Localization Method – the Method of Circles 
 The Method of Circles is basically generalized method of triangulation. In trigonometry 
and geometry, triangulation is the process of finding coordinates and distance to a point by 
calculating the length of one side of a triangle, given measurements of angles and sides of the 
triangle formed by that point and two other known reference points, using the law of sines. 
In our experiment, a classical method of triangulation has been extended. For the three basic 
detection points a fourth point has been added. This makes the method more accurate and 
gives us better results. Peak to peak voltage level is the main parameter, taken from the 
pyroelectric detector.  
From the knowledge of the voltage levels of each of the detectors and from the knowledge of 
the sensor’s behavior (as mentioned in the experiment in the chapter two), we are able to 
determine the sensors distance from the potential IR source with only very simple linear 
regression. 
During our experiments with the InfraTech LME345F sensors, we have used the linear 
regression approximated from the measured data. The regression is defined by this simple 
equation: 
 
116,0116042 -= xy          (28) 
 
This regression function characterizes the signal vs. 1/d2 function behavior (values has 
been converted according to the inverse square law). It is also possible to use the regression 
function from the non-converted graph (exponential function), but the linear regression is 
easier and faster to compute, that’s why we have use it in our experiment. 
 
The diameter can be calculated (from the regression function) inverse, considering the inverse 
square law. The diameter of the circle r (which is equal to the distance from the IR source) 
according to the input voltage is equal to: 
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From the equation we can see, that the distance of the IR source is directly proportional to the 
circle’s diameter.  When there are computed all the diameters for every detector, circles are 
drawn (computed) and their intersection is designated.  
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Fig. 34.:  Localization of the IR source using extended Method of Circles 
 
 Although this method is simple and fast, the accuracy of this method is very average by 
reason of usage approximated detector’s functional dependency. The next disadvantage is that 
this method does not return exact coordinates, but only the estimated area, where the IR 
source is located.  
 
 Further in the text a second approach will be presented. This approach is based on 
generalized multilayer perceptron, namely the feed-forward network which is learned under 
the supervision.  Neural network’s main advantage is, that we don’t need to know the 
detector’s functional dependency (because this is will be approximated by the network herself). 
The ANN also returns exact coordinates, not only estimated area.  
 
4.3     Artificial Neural Networks Usage Motivation 
 
Classical localization method like Method of Circles, which belongs to the generalized 
method of triangulation are based on the difference of voltage signal coming from the 
pyroelectric sensors. If we know detailed detectors signal/distance characteristics, we could use 
this method with very good effect. Problem arises, when we received signal with lover signal-
noise (S/N) ratio, which can affect the localization in very bad way. The next disadvantage is the 
computational exigency, when we wish to compute the 3rd dimension, when using detector for 
the 3D spatial detection.  
 
All these problems could be quite easily passed by the Artificial Neural Network based 
on the generalized Perceptron Topology (which was developed in 1958 by the Frank 
Rosenblatt). This topology simply approximates the sensors signal/distance characteristics from 
a few sophisticatedly placed so called “training-values” can approximate the coordinated for 
one, two or three dimension after only a very short (circa 200 training epochs) training period. 
All these aspects are making the ANN ideal for the IR source spatial localization, as will be 
shown further in the text. 
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From the foregoing text, we can conclude the main basic advantages in 5 points: 
 
 
A. Generalization  
 
 At first, if the learning procedure passed correctly the neural network will be able to 
generalize. This means it will be able to handle various scenarios that it did not encounter 
during the training process. This is caused due to the fact, that some knowledge is internalized 
by the neural network. However, if the learning is successful, the ANN will be able to abstract 
what it has learnt and apply it to other situations. There is no guarantee that this process will 
estimate the output correctly in all situations, but training the network extensively over a 
consequent set of varied scenarios can help a great deal. 
 
B. Continuous Inputs  
 
 Secondly, the neural networks are able to handle internally the types of problems that 
are presented in front of it, without classifying them. Unlike for other symbolic approaches, the 
neural network can be given continuous floating point values, without the need for 
discretization, which is considered to be fundamental advantage. As mentioned, this will allow 
the learning to automatically solve various kinds of obstacles and gaps. 
 
C. Noise Handling  
 
 Thirdly, neural networks are ideally suited to work with random noise. (We must admit 
that our pyroelectric sensors will not be perfect) The neural networks will be able to deal with 
this noise. Additionally, the training process may voluntarily insert jitter into the sensor data to 
increase the chances of generalization.  
 
D. Unsupervised Learning  
 
 The fourth point includes that ability to learn unsupervised. This gives us with an 
undeniable flexibility of the obstacle avoidance module, which can be tuned by setting high-
level parameters in the process of optimization. Not only can these personality parameters be 
tuned, but we can also use the optimization algorithm to find the optimal neural network to 
solve our problem. This implies that we do not need to specify explicitly the behavior required. 
 
E. Efficiency 
 
 Our fifth and final motivation is efficiency. Simulating a feed-forward network is an 
extremely fast process, since it involves mainly multiplications. Due to the parallel nature of the 
neural networks, this can be very easily implemented in parallel, using SIMD or other processor 
specific instructions. Additionally, we can also manually select the size of the network, and the 
properties of the layers, so that it is the most efficient. 
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4.4     Artificial Neural Networks Introduction 
 
A neural network is, in principle, an attempt to simulate the brain (not only human 
brain, the brain in general). Neural network theory revolves around the idea that certain key 
properties of biological neurons can be extracted and applied to simulations, thus creating a 
simulated (and very much simplified) brain. The Artificial Neural Network (often called just 
Neural-Network) is a mathematical model or computational model based on biological neural 
networks. It consists of an interconnected group of artificial neurons and processes information 
using a connectionist approach to computation. In most cases an ANN is an adaptive system 
that changes its structure based on external or internal information that flows through the 
network during the learning phase. 
 
The history of neural networking arguably started in the late 1800s with scientific attempts to 
study the activity of the human brain. In 1890, William James published the first work about 
brain activity patterns. In 1943, McCulloch and Pitts produced a model of the neuron that is still 
used today in artificial neural networking. This model is broken into two parts: a summation 
over weighted inputs and an output function of the sum. In 1949, Donald Hebb published The 
Organization of Behavior, which outlined a law for synaptic neuron learning. This law, later 
known as Hebbian Learning in honor of Donald Hebb is one of the simplest and most straight-
forward learning rules for artificial neural networks. In 1958 Frank Rosenblatt, a neuro-biologist 
at Cornell University began working on the Perceptron. The perceptron was the first "practical" 
artificial neural network.  
 
Although the perceptron was successful in classifying certain patterns, it had a number of 
limitations. The perceptron was not able to solve the classic XOR (exclusive or) problem. Such 
limitations led to the decline of the field of neural networks. However, the perceptron had laid 
foundations for later work in neural computing. In the early 1980's, researchers showed 
renewed interest in neural networks. Recent work includes Boltzmann machines, Hopfield nets, 
competitive learning models, multilayer networks, and adaptive resonance theory models.  
 
In the late 1990's many advances into the research and development of artificial neural 
networks are occurring all over the world. Nature itself is living proof that neural networks do in 
actual fact work. The challenge today lies in finding ways to electronically implement the 
principals of neural network technology. 
4.5     Feed Forward Neural Network 
 
Feed-forward neural networks (FF networks) are the most popular and most widely used 
models in many practical applications. They are known by many different names (such as 
"multi-layer perceptrons) and in various topologies. In this network, the information moves in 
only one direction, forward, from the input nodes, through the hidden nodes (if any) and to the 
output nodes. There are no cycles or loops in the network. The earliest kind of neural network 
is a single-layer perceptron network, which consists of a single layer of output nodes; the inputs 
are fed directly to the outputs via a series of weights. In this way it can be considered the 
simplest kind of feed-forward network. The sum of the products of the weights and the inputs 
is calculated in each node, and if the value is above some threshold (typically 0) the neuron fires 
and takes the activated value (typically 1); otherwise it takes the deactivated value (typically -
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1). Neurons with this kind of activation function are also called McCulloch-Pitts neurons or so 
called “formal” neurons. 
 
 
Fig. 35.:  The model of the McCulloch-Pitts neuron 
 
The threshold value determinates, when the neuron is activated (weighted sum of inputs must 
be higher then threshold). The output from the y-th neuron can be mathematically desribed as: 
å Q+=
n
ji wxy
1          (21) 
But sometimes, we can also use this formulation: 
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0           (22) 
where w0 = Θ 
x0 = 1        
 
Then the zero’s weight has the threshold weight and zero output parameter is equal to 1.  
 
The activation function can appear in several forms, but in general they are all non-linear or 
discrete. Every activation function can have zero or non-zero threshold. Most frequently, the 
weighted linear combination is used for the McCulloch-Pitts neuron. This sum of activation 
potentials represents the condition of emitted neuron. 
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From the activation functions, we should emphasize the sigmoid function, that is most suitable 
for using in hidden layer in our exercise. Mathematically it can be described this way: 
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The waveform of the function can be graphically described as: 
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Fig. 36.:  The sigmoid transfer function 
 
The sort of used function is influencing the demandingness and time needed for training the 
ANN. In this way the sigmoid transfer function has proved itself to be suitable for the 
approximation process. It was used in all the layers in the hidden layer. The last important fact 
is that the sigmoid transfer function is fully differential able and can be use for the network 
with Back Propagation Gradient algorithm. 
 
In this work the extended FF Neural Network simulated with the help of the MATLAB © Neural 
Network Toolbox. This network is called Feed-Forward uses one input layer with four neurons 
(each neuron receives the data from just one pyroelectric sensor), then there are three layers in 
the hidden layer, first with 6 neurons and “logsig” (log-sigmoid) function, second with 12 
neurons and “tansig” (hyperbolic tangent sigmoid) transfer function) and the third with 
“purelin” (Linear) transfer function. The output layer consists of two neurons, where both have 
“purelin” (Linear) transfer function. You can see the topology on the figure. 
 
Fig. 37.:  Used artificial neural network symbolic topology schematic 
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4.6      Levenberg-Marquardt backpropagation  
 
Gradient-based training algorithms, like back propagation, are most commonly used by 
researchers. They are not efficient due the fact that the gradient vanishes at the solution. 
Hessian-based algorithms allow the network to learn more subtle features of a complicated 
mapping. The training process converges quickly as the solution is approached, because the 
Hessian does not vanish at the solution. To benefit from the advantages of Hessian based 
training, we focused on the Levenberg-Marquardt Algorithm. The LM algorithm is basically a 
Hessian based algorithm for the nonlinear least-square optimization [20]. For neural network 
training the objective function is the error function of the type 
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where yk is the actual output for the k-th pattern and tk is desired output. P is the total number 
of training patterns. z represents the weights and biases of the network. The steps involved in 
training a neural network using LM algorithm are as follows: 
 
1) Present all inputs to the network and compute the corresponding network outputs and 
 errors. Compute the mean square error over all inputs. 
 
2) Compute the Jacobian matrix, J(z) where z represents the weights and biases of the 
 network. 
 
3) Solve the Levenberg-Marquardt weight update equation to obtain Δz. 
 
4) Re-compute the error using z +Δz. If this new error is smaller than that computed in  step 1, 
then reduce the training parameter μ by μ−, let z = z +Δz, and go back the step 1.  If the 
error is not reduced, then increase μ by μ+ and go back step 3. The μ− and μ+ are  defined by user. 
 
5) The algorithm is assumed to have converged when the norm of the gradient is less  than 
some predetermined value, or when the error has been reduced to some error goal.  The 
weight update vector Δz is calculated as 
 
 [ ] EzJIzJzJz TT )()()( 1-+=D m        (26) 
 
where E is a vector of size P calculated as 
 
 [ ]TPP ytititE ---= ..., 2211         (27) 
 
Here JT (z)J(z) is referred as the Hessian matrix. I is the identity matrix, μ is the learning 
parameter. For μ = 0 the algorithm becomes Gauss-Newton method. For very large μ the LM 
algorithm becomes steepest decent or the error back propagation algorithm. The parameter is 
automatically adjusted in the each iteration in order to secure convergence. The LM algorithm 
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requires computation of the Jacobian J(z) matrix at each iteration step and the inversion of JT 
(z)J(z) square matrix. 
 
4.7      Training and testing data obtaining 
 
There are four sensors located. Every PIR detector is placed in the middle of the detection 
area’s side, which has rectangular shape. It is necessary to place the PIR detector in such 
distance in order to cover the detection area (with respect to the sensor’s field of view). Next 
step is to place the IR source somewhere inside the detection area. This makes the PIR detector 
to increase the output signal rapidly depending upon his distance from the IR source. When 
using the artificial neural network, it is necessary to prepare the learning data at first. 
 
Fig. 38.:  Training data 3D graph (changing color symbolizes signal gradient) 
 
A standard laboratory Bunsen-burner is used for obtaining the training data. Signal intensity 
values are measured for the grid of 9x9 burner’s positions for each sensor, so the input data for 
the one position consists of 4 voltage levels (each for one sensor) and desired data of 2 
coordinates. Because we have 4 input parameters and 2 output, the neural network topology 
naturally contains 4 neurons in the input layer and 2 in the output, as described on the fig. 37. 
The more the distances between the „referential points“ are closer, the more the learning data 
are more detailed, which makes the ANN to work more accurate. Out training grid is so dense, 
we could use half data for training and second half for testing. It is improper to use same data 
for training and testing, because neural network also gives good results for reproducing the 
training data.   
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The Levenberg-Marquardt training algorithm protects the net against overtraining. In 
general, the overtraining would make the net very accurate, but only on a very low section of 
the function range. 
 
4.8      Experimental Results 
 
Presented method has been realized with the Matlab Neural Networks Toolbox. Discussed 
topology, which was designed for the purpose of IR source localization, is learned in 100-200 
learning epochs (learning process does not always converges with the same speed [21]) and 
trained with the second half of data, which were experimentally obtained (and which wasn’t 
used for net training). The response for the training and testing data is illustrated on the 
following figure.  
 
Fig. 39.:  Network’s response on a) training data  b) testing data 
 
Fig. 40.:  a) training and testing data distribution  b) simulated vs. test data 
 
From the fig. 40 b) it is evident, that the network approximation can work more accurate than 
the Method of Circles, because the NN returns exact coordinates, not only estimated area of 
the placement. The only disadvantage is the need of supplying quality training data in order to 
let the network approximate the sensor’s behavior. 
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Conclusion 
In my thesis, I have explored the physical, electro-technical and generally technical properties 
of pyroelectric devices. In the beginning of my thesis I have closely described and analyzed the 
physical background which is necessary for the further investigation. In the following chapters a 
couple of basic flame detection techniques were introduced in order to start designing 
pyroelectric sensor testing installation, which will be essential part necessary for signal 
recording and processing. Basic theoretical parameters of the recorded signal are analyzed and 
brought in a separate chapter. 
The first part of this thesis concluded the physical properties of the pyroelectric materials and 
infrared radiation. In this part, theoretical introduction have been made in order to realize basic 
set of physical measurements intended for the pyroelectric signal testing. Observed physical 
properties were used in the 3rd part of this work, which deals with the infrared source 
localization. It was concluded, that the inverse square law is the basic principle, common for all 
the measurement among others. 
 
In the second part a measurement installation was designed and realized, which consist mainly 
of analogue electric devices. In this part a measurement preamplifier was designed, 
manufactured and tested. This device was used for the 1st part of this thesis, where it served as 
the measurement amplifier intended for the pyroelectric detectors. 
The third part discusses a practical purpose of this matter which is connected to the signal 
processing with respect to the contemporary needs of the fire detection industry. In this part, a 
practical realization connected to the fire localization has been presented. The first is based on 
the generalized method of triangulation and is called Method of Circles.  
The second Uses Artificial Neural Network as the Approximation. Both of the methods can be 
very powerful – as for the Method of Circles, the method is very simple and fast, but we have to 
know the behavior of the pyroelectric sensor. As far as the Neural-Network approximation, this 
method serves well, but it is necessary to supply quality training data in order to let the 
network approximate the sensor’s behavior from the training data. Both methods can be used 
and implemented to the present technology. 
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Appendix 
 
 Appendix A: Method of Circles main MATLAB source file 
 Appendix B: Artificial Neural Network Approximation main MATLAB source file 
 
 
%------------------------------------------- 
% IR-Source localization using Triangulation 
% author: Alexandr Knápek, FEKT VUT 2008 
%------------------------------------------- 
 
% clean-up 
clc; 
clear all; 
close all; 
 
% input data 
u1 = 0.09; 
u2 = 2.45; 
u3 = 0.23; 
u4 = 0.23; 
 
% determination of the IR-source distance using linear regression 
s1=regression(u1); 
s2=regression(u2); 
s3=regression(u3); 
s4=regression(u4); 
 
% length of the detection area [mm] 
a = 500; 
 
% detector's distance from the detection area [mm] 
d = 0; 
 
% calculation of the circles intersections 
P = zeros(12,2); 
 
P(1:2,:) =  reshape(circross(a+d,0,s1,-a-d,0,s2),2,2); 
P(3:4,:) =  reshape(circross(a+d,0,s1,0,a+d,s3),2,2); 
P(5:6,:) =  reshape(circross(a+d,0,s1,0,-a-d,s4),2,2); 
P(7:8,:) =  reshape(circross(-a-d,0,s2,0,a+d,s3),2,2); 
P(9:10,:) =  reshape(circross(-a-d,0,s2,0,-a-d,s4),2,2); 
P(11:12,:) =  reshape(circross(0,a+d,s3,0,-a-d,s4),2,2); 
 
for j = 1:12 
    if odd(j) 
        flag = 1; 
    else 
        flag = -1; 
    end 
    [V(:,j)] = vector_length(P, j, j+flag); 
end 
 
for j = 1:12 
    [D, I] = sort(V(:,j)); 
    pointer(:,j) = [j I(1) I(2) j]'; 
    XX(j) = sum(D(1:2)); 
end 
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[D,I]= min(XX); 
LINEX = P(pointer(:,I),1); 
LINEY = P(pointer(:,I),2); 
 
figure 
hold on 
 
% plotting the grid 
X = [-a  a a -a]; 
Y = [-a -a a  a]; 
fill(X,Y,'w'); 
 
[IMG,map] = imread('grid.jpg'); 
image([-a:a],[-a:a],IMG); 
 
% ploting the cyrcles for the localization 
draw_circle( a+d,0,s1); 
draw_circle(-a-d,0,s2); 
draw_circle(0 ,a+d,s3); 
draw_circle(0 ,-a-d,s4); 
 
plot(P(:,1),P(:,2),'xb'); 
plot(LINEX,LINEY,'r','LineWidth',1); 
hold off 
 
set(findobj(gca,'Type','line'),'LineWidth',1) 
b = a*2; 
axis([-b b -b b]); 
pointer(:,I) 
 
 
%--------------------------------------------- 
% IR-Source localization using Neural Networks 
% author: Alexandr Knápek, FEKT VUT 2008 
%--------------------------------------------- 
 
% cleaning-up after the script start 
close all; 
clear all; 
clc; 
 
% input values loading 
X = dlmread('training_data_final.csv',';',0,0); 
n = length(X(:,1)); 
 
% setting values for nn trainining and testing 
ntrn = 1:2:n; 
ntst = setdiff([1:n],ntrn); 
% inputs P 
P = X(ntrn,1:4)'; 
% targets T 
T = X(ntrn,5:6)'; 
 
% setting the networks's topology 
net = newff(minmax(P),[6 12 6 2],{'logsig' 'tansig' 'purelin' 'purelin'}); 
% simulating the neural network 
Y = sim(net,P); 
xT = (T(1,:).^2 + T(2,:).^2).^(1/2); 
xY = (Y(1,:).^2 + Y(2,:).^2).^(1/2); 
 
% network's output plotted against the targets 
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figure 
plot(ntrn,xT,ntrn,xY,'o'); 
legend('target','untrained net') 
 
% training process 
net.trainFcn ='trainlm'; 
net.trainParam.epochs = 500; 
net = train(net,P,T); 
Y = sim(net,P); 
xT = (T(1,:).^2 + T(2,:).^2).^(1/2); 
xY = (Y(1,:).^2 + Y(2,:).^2).^(1/2); 
% plotting the process of training 
figure 
plot(ntrn,xT,ntrn,xY,'o'); 
legend('target','trained net') 
 
% testing process 
P = X(ntst,1:4)'; 
T = X(ntst,5:6)'; 
Y = sim(net,P); 
xT = (T(1,:).^2 + T(2,:).^2).^(1/2); 
xY = (Y(1,:).^2 + Y(2,:).^2).^(1/2); 
figure 
plot(ntst,xT,ntst,xY,'o'); 
legend('target','test net') 
 
% setting tested area to be ploted 
xtrn = X(ntrn,5); 
ytrn = X(ntrn,6); 
xtst = X(ntst,5); 
ytst = X(ntst,6); 
xsim = Y(1,:)'; 
ysim = Y(2,:)'; 
 
a = 500; b = 2*a; 
XL = [-a a  a -a -a]; 
YL = [ a a -a -a  a]; 
 
% plotting training data-figure parameters 
figure 
hold on 
[IMG,map] = imread('grid.jpg'); 
image([-a:a],[-a:a],IMG); 
 
plot(xtrn,(ytrn-a),'xr',xtst,(ytst-a),'ob' , 'MarkerSize',6); 
legend('trainnig data','test data') 
plot(XL,YL, 'k'); 
axis([-b b -b b]); 
hold off 
 
% plotting testing data figure parameters 
figure 
hold on 
[IMG,map] = imread('grid.jpg'); 
image([-a:a],[-a:a],IMG); 
 
plot(xsim,(ysim-a),'xr',xtst,(ytst-a),'ob' , 'MarkerSize',6); 
legend('simulated data','test data') 
plot(XL,YL, 'k'); 
axis([-b b -b b]); 
hold off 
